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This report describes a computer program (COMTANK) that enables the user 
to design and analyze advanced composite filament-wound axisymmetric pressure 
vessels. Based on user input, the program develops a pressure vessel design using 
netting analysis theory and then analyzes the design considering the orthotropic 
construction of the vessel. The analysis consists essentially of determining the 
stress resultants that exist at a point in the tank wall and then the stresses that 
exist in each ply of the laminate at that point. 
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1. 

A digital computer program, COMTANK, has been 
developed at the Jet Propulsion Laboratory to design 
and analyze advanced composite filament-wound axi- 
symmetric pressure vessels. The purpose of this program 
is to enable the user to automatically develop a detailed 
vessel design and perform a complex stress analysis of the 
design in an efficient and cost-effective manner. In usual 
practice involving structural design and analysis of 
filament-wound chambers, engineering personnel first 
develop an isotensoid (helical-wound) or near-isotensoid 
(planar-wound) vessel design using netting analysis 
theory (see Refs. 1-3). This theory assumes that the 
filaments of the composite material carry all the load 
and that the matrix material serves only to hold the 
filaments to the vessel shape. The design procedure is 
relatively straightforward and, as such, is not a cumber- 
some engineering task.. 

After the vessel is designed, it is generally analyzed 
as a laminated orthotropic shell of revolution in which 
the stress-carrying ability of the matrix is then cons&- 
ered. In this case, a finite element mathematical model 
of the chamber is usually developed. The model gen- 
erally consists of a large number of elements and thus 

requires a large amount of data generation (particularly 
geometric and composite material property data) on the 
part of engineering personnel. As a consequence, the 
amount of data handling increases, thereby increasing 
both the time and cost of the analysis and subjecting it 
to the distinct possibility of human error. 

The COMTANK program was developed to reduce 
the entire tank design and analysis procedure to a com- 
pletely computer-automated process. Since input prep- 
aration for the program is simple, engineering personnel 
who have had only slight training in computer program- 
ming can fully utilize the capabilities of COMTANK. 
The program has been written in FORTRAN V for 
the UNIVAC 1108 computer for execution under the 
EXEC 8 control system. 

The program has been specifically developed to 
handle planar-wound pressure vessels fabricated of 
either boron/epoxy or graphite/epoxy advanced com- 
posite material. The vessel may or may not contain a 
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cylindrical midsection; i.e., the tank configuration may 
be that of a cylinder with dome closures or an oblate 
spheroid. In the former case, provision has been made 
to accept unequal boss openings in the forward and aft 
domes. 

In general, input to the program must be provided 

(1) Tank description, consisting of geometry and ma- 

(2) Design loading condition. 

(3) Analysis loading conditions. 

in three basic categories : 

terial property data. 

The tank description consists of a definition of overall 
tank geometry and component geometry relating to the 
liner, bosses, and skirt attachments. The design loading 
condition consists of internal pressure only. The analysis 
loading conditions consist of internal pressure, boss line 
loadings, and temperature gradients through the tank 
wall. 

Items (2) and (3) above indicate that it is possible to 
analyze a pressure vessel design for loading conditions 
other than those for which it was designed. 

Given the proper input, COMTANK will perform 
computations to provide the user as output a detailed 
pressure vessel design and stress analysis. The vessel 
design consists of midsurface coordinates defining the 
entire tank and skirt-support element geometry, element 
wall thicknesses throughout the structure, ply construc- 
tion, enclosed volumes, weight breakdowns, and mate- 
rial property details relating to filament tape wrap 
angles and coefficients of thermal expansion. The stress 
analysis consists of the entire displacement field of the 
structure, element nodal forces, stress resultants and 
couples, and point stress analysis, giving a detailed 
breakdown of the longitudinal, transverse, and shear 
stress in each layer of the composite at the point under 
consideration. 

n 

1. Vessel design. The overall design configuration of 
the pressure vessel is determined using essentially the 
netting analysis procedure given in Ref. 1. The main 
feature of this procedure involves the solution of the 
differential equation governing the in-plane normalized 
(with respect to the tank radius) dome headshape. This 
equation is given as 

TZ" - [b - (c - z + rz') tan yI2 
2 -  

z' [I + ( z ' ) ~ ]  - [I + (z')~] {r2 - [b  - (c - z )  tanyI2} 

in which r and x represent the normalized dome radius 
and height, respectively; b = normalized boss opening; 
c = normalized height of the boss opening; y = wrap 
angle; and the primes denote differentiation with respect 
to the normalized radius. 

In the solution process, Eq. (1) is transformed to a 
system of first- and second-order differential equations 
to allow for a tenable boundary condition and is solved 
numerically in the program for the dome coordinates. 
The logic built into the solution procedure allows the 
parameter c to incrementally increase to as large a value 
as possible in relation to z = z,, of the headshape. This 
results in the headshape tending to approach a mini- 
mum weight configuration. 

The basic tank wall construction is derived from the 
solution of simple netting analysis equilibrium equations 
in the meridional and hoop directions. In this way, the 
number of planar and hoop wraps are determined. The 
program logic allows for the development of an even 
number of planar wraps and any number of hoop wraps. 

The ply thickness in the dome regions is developed 
based on the approach given in Ref. 4. A set of relations 
for the approximate number of plies at any point in the 
dome was derived as: 

N = 2 [ 1 - 0.1 (v)] ($) cos1 (%) for RB 2 R 5 (RB + W) 

R-RB-W 
N = 2  [ 0 9 + 0 1  . (RT-R,-W)]($)[COS-l($)-COS-l(RB~W)] fOr(RB+W)<R<RT (2) 

a J 
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where N = number of plies per wrap; R = dome radius; 
RB = boss radius of dome; RT = tank radius; and W = 
tape width. 

Using Eq. (2), the ply thickness is determined in the 
program from the relation 

t* = (2) N (3) 

where tp = ply thickness in dome; and t, = thickness of 
dome at the equator. 

thematical model. 

a. Geometry. A significant feature of CQMTANK is 
the automatic development of a mathematical model of 
the design for subsequent stress analysis as a laminated 
shell of revolution. The procedure employed in develop- 
ing the model is described below. 

For the case of a cylindrical tank with dome closures, 
a total of 99 elements were allocated for completely 
describing the tank model including the skirt support 
structure. Of the total number of elements, a maximum 
of 37 elements were allocated for the description of 
each dome closure. The actual number of elements used 
to describe the domes depends, as will be shown, on 
the degree of coarseness employed by the user in assign- 
ing values to allowable differences in dome height Ax, 
wrap angle ha, and wall thickness At between adjacent 
nodes in the dome. Elements not used in defining the 
dome shapes are used in describing the cylindrical region. 

The number of elements used to define a cylindrical 
skirt was fixed at eight. As shown in Fig. 1, five of the 
elements are used to describe the flange attachment to 
the cylindrical section, and three are used to describe 
the stem. CQMTANK has been programmed to allow 
for the existence of either a forward or aft skirt or both. 
The skirt attachment in all cases is as shown in Fig. 1. 

The number of elements used to define a forward or 
aft boss flange attachment (Fig. 2) is derived from a 
comparison between the inputed total flange length and 
the sum of the meridional distances between successive 
dome nodes starting at the boss opening. 

If the sum of the meridional node distances equals 
the inputed flange length, the number of boss flange 
elements is known, viz., one less than the total number 
of nodes used in the computation. If the sum is less 
than the inputed flange length, the summation process 

PLANAR 
WALL 

TYPICAL ELEMENT 

TANK 

is continued until the sum exceeds the inputed value. 
When this occurs, the program uses the sum of the node 
distances up to the preceding node as the new boss 
flange length. This is done as a matter of convenience, 
since the dome element construction was already deter- 
mined and the effect on the analysis of a slightly de- 
creased stiffness representation in the vicinity of the 
flange tip is negligible. 

The node and element numbering sequence for the 
tank model begins at the forward boss opening and ends 
at the aft boss opening. The overall tank coordinate 
system is taken as shown in Fig. 3. 

For the case of an oblate spheroid, the mathematical 
model is developed in essentially the same manner as 
that of the cylinder with dome closures. The differences 
in model development for the oblate spheroid are dis- 
cussed below. 

COMTANK has been developed to handle only 
filament-wound oblate spheroids that are symmetric 
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about the equator, i.e., the junction of the forward and 
aft domes. Thus the forward and aft domes, including 
the boss structure, are assumed to be identical. As such, 
the program allows a maximum of only 37 elements 
for defining the dome closure. The allocation of a total 
of 99 elements for tank description does not apply. 

The program assumes that structural support for the 
tank is provided through the boss fittings. Thus no pro- 
vision has been made for cylindrical skirt attachment. 

b. Material properties. Each element in the tank 
model, regardless of the type of vessel, is assigned a 
set of material properties consistent with its location 
in the model. On a materials basis, there are five pos- 
sible types of elements. These elements and their char- 
acterization in the program are described below. 

Dome elements not including those containing the 
boss flange attachment are characterized by a single 
material layer. The properties of this layer are based 
on the average of the thickness and filament wrap angle 
of the nodal end points of the element. The wrap angle 
determines the orthotropic thermoelastic material con- 
stants for the laminate layer via a table look-up and 
linear interpolation scheme. The thickness determines 
the number of plies of composite material in the lami- 
nate. Note that at this point in the program no attention 
is given to the number of plies comprising the laminate. 

Dome elements that contain a segment of the boss 
flange fitting are composed of two material layers. For 
the general case where two or more layers are required 
for an element description, they are always listed in the 
program in sequential order from the inside to the out- 
side surfaces of the tank. For this case, the first layer 

represents the segment of the boss flange. Its thickness 
is determined by averaging the flange thickness of the 
element nodes. As will be seen, the user must specify 
only the type of boss material. The properties of the 
second or composite layer of the element under con- 
sideration are derived in the program as described 
above. 

Skirt elements in the stem portion of the skirt (see 
Fig. 1) are identical and composed of a single material 
layer. As in the case of the boss flange layer, the type 
of material must be specified by the user. The thickness 
for these elements is constant. 

Skirt elements in the flange section of the skirt (see 
Fig. 1) are characterized by four material layers. The 
layers consist, sequentially, of the inside hoop and 
planar wraps of the cylinder, the skirt flange, and the 
outside hoop wraps of the cylinder. The thicknesses of 
the three composite layers are constant and derived 
individually in the program. As before, the thermo- 
elastic material properties depend on the wrap angle 
for the layer under consideration. The thickness of the 
scarf flange element is derived in the same manner as 
that of a boss flange element. The flange material is the 
same as that of the stem section of the skirt. 

The last type of element is the cylinder element. 
This element is characterized by three layers: the inside, 
planar, and outside wraps of composite material. The 
thickness and material properties of these layers are 
determined as described above. 

3. Stress analysis. After the tank model is constructed, 
COMTANK then performs a global stress analysis of 
the model using a direct stiffness approach. The analysis 
is based on the procedure given in Ref. 5. Basically, the 
procedure consists of developing the stit€ness represen- 
tation of each of the conical frustra associated with the 
shell elements previously described and satisfying con- 
ditions of force equilibrium and deformation compati- 
bility at the nodes. For the loading condition prescribed 
by the user, the analysis serves to determine the com- 
plete displacement field of the tank model, the forces 
acting at the nodes of each element, and the nodal stress 
resultants. The latter are of particular importance be- 
cause they serve to establish the input required for the 
last phase of the program. 

The final phase of the program consists of a detailed 
point stress analysis of several elements of the tank 



model. In the case of a cylinder with dome closures, 
COMTANK analyzes a maximum of 25 elements of 
which a maximum of 10 each are located in the forward 
and aft domes, respectively, and 5 in the cylindrical 
region. For an oblate spheroid, a maximum of 10 dome 
elements are analyzed because of symmetry and the 
absence of any cylindrical region. Since the analysis is a 
localized point stress analysis, the representative load- 
ing for each element (considered here to be a point) is 
derived from the average of the stress resultants acting 
at each node of the element. 

ICYL ITABLE IMAT(1) BMAT(2) IMAT(3) IMAT(4) 

The analysis is based on the procedure given in 
Ref. 6. Essentially, the stresses developed in each layer 
of the laminate are determined from constitutive lamina 
equations relating stress to strain, where the strain is 
determined from laminate stress-strain relationships. The 
results of the analysis provide the user with values for 
longitudinal, transverse, and shear stress and strain in 
each layer or lamina of the element under consideration. 
Whereas the tank analysis considered a composite layer 
to be representative in elastic properties and thickness 
of the laminate, the detailed stress analysis considers a 
composite layer to be the lamina comprising the lami- 
nate. A capability to handle up to 100 lamina for a 
given element has been provided in the program. Thus 
the user can evaluate stresses and stress distribution 
within an element 'to the order of the stress state in 
each ply. 

IMAT(5) NPB KHOQP NHOOP 

The program has been used for the design and analy- 
sis of boron/epoxy and graphite/epoxy solid-propellant 
rocket motor cases currently under development at JPL. 
The rocket motor case configuration is a cylinder with 
dome closures. With the exception of a shorter-length 
cylindrical section, the case is similar to d e  Applications 
Technology Satellite (ATS) motor described in Ref. 7. 
No test data are currently available for comparative 
study. 

Running time on the 1108 for a complete design and 
analysis of a cylinder with dome closures is approx- 
imately 43 s. In the case of an oblate spheroid the total 
running time is approximately 21 s. 

After appropriate idealization, input could be written 
in about 15 min. It was found that performing a few 
simple shell membrane calculations by hand to estimate 
design ply construction for a given burst pressure or, 
conversely, the burst pressure for a given ply construc- 
tion was a useful aid in reducing the number of runs 
necessary to finalize a design/analysis study. 

Input to the program is provided in the following 
blocks : 

Comment. 

Control. 

Tank geometry. 

Lamina, liner, boss geometry. 

Design loading. 

Skirt geometry. 

Analysis comment. 

Analysis mechanical loading. 

Analysis thermal loading. 

Additional analyses. 

With the exception of alphameric data in the com- 
ment and control cards, all input data are written in 
floating-point numbers. Floating point numbers must be 
written with a decimal point in accordance with the 
format statements included below. 

1. Comment. The comment data block consists of a 
single card of alphameric data containing up to 72 char- 
acters. This card is basically used to define the problem 
being solved and to provide a run record for the user. 

2. Control. Program operational constraints are defined 
on the control card in accordance with the following 
format: 
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As an added degree of flexibility, an option has been 
provided in the program for the case of a cylinder with 
dome closures (ICYL = 1) to input directly the number 
of desired hoop wraps. This is done by specifying the 
parameter KHOOP = 1. The last entry in the control 
card (NHOOP) contains the integer number of hoop 
wraps specified by the user. For the case of an oblate 
spheroid (ICYL = 0), the last two parameters of the 
control card may be left blank. 

0, number of hoop wraps to be computed 

ICYL = type of problem 
0, oblate spheroid 
1, cylinder with dome closures 

ITABLE = type of tank wall material 
0, boron/epoxy (q = 0.50) 
1, graphite/epoxy (of = 0.57) 

IMAT(1) = material for liner 

IMAT(2) = material for forward boss flange 

IMAT(3) = material for aft boss flange 

IMAT(4) = material for forward skirt 

IMAT(5) = material for aft skirt 

DT I LT 1 DF I DA I DELZ I DELA I DTHK I WIDTH 

3. Tank geometry. This card contains data on the tank 
configuration, initial allowable variations in dome pa- 
rameters between adjacent nodes, and width of tape 
intended for use in vessel fabrication. The format is as 

1 = aluminum (6061) 

2 = titanium (6A14V) 

3 = steel (301) 

4 = magnesium (ZK60) 

5 = nickel 

6 = invar 

The metal material properties used in the program 
are given in Table A-3 of the Appendix. 

In the case of an oblate spheroid (ICYL = 0), data 
need be provided only for IMAT(1) and (2). The pro- 
gram considers IMAT(3) = IMAT(2) due to symmetry. 
IMAT(4) and (5) do not apply in this case owing to the 
absence of any skirt support. 

The overall tank length LT must be provided only 
for the case of a cylindrical tank with dome closures 
(ICYL = 1). Otherwise, it may be left blank. 

For the case of a cylindrical tank with dome closures, 
the boss diameters DF and DA must always be pro- 
vided as they may have the same or different values. 
For the case of an oblate spheroid (ICYL = 0), only the 
forward boss diameter DF need be provided due to 
symmetry of the vessel about the equator. 

The parameters DELZ, DELA, and DTHK represent 
initial limitations imposed by the user on the allowable 
difference in dome height, wrap angle, and wall thick- 
ness, respectively, between adjacent nodes. These 
parameters represent a user control on the element 
idealization of the dome structure of a vessel. Large 
input values will result in a coarse representation of 
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the dome whereby the resulting number of dome ele- 
ments is much less than the 37 maximum possible. 
Conversely, small input values will tend to result in a 
larger number of dome elements than the maximum 
possible total of 37. In the event that this condition is 
encountered, the program automatically increases each 
value by 10% in consecutive steps until the condition 
of a maximum of 37 dome elements is satisfied. 

P 

amina, linery boss geometry. Input format for this 
data card is as follows: 

SIGMA RHOLA I TLA 1 TLI I LFBF I TFBFZ I LABF 1 TABFZ I 

LFSTOT LFSF 

The boss flange- length is as shown in Fig. 2. The 
flange thickness corresponds to the maximum or throat 
thickness of the boss. In the case of an oblate spheroid 
(ICYL = 0), the aft boss flange parameters LABF and 
TABFZ are left blank. 

TFSF LASTOT LASF TASZ 

esign loading, This block of data contains infor- 
mation on the tank internal burst pressure loading and 
the strength and density of the composite material. The 
format is as follows: 

PR FORCE 1 FORCE 2 

(6E10.0) 

T L A  = composite lamina thickness 

TLI = liner thickness 

LFBF = length of forward boss flange 

TFBFZ = thickness of forward boss flange 

LABF = length of aft boss flange 

TABFZ = thickness of aft boss flange 

(3E10.0) 

P = design burst pressure 

SIGMA = uniaxial tensile strength of composite 

RHOLA = density of composite lamina 

lamina 

6. Skirt geometry. The parameters and format defin- 
ing the forward and aft skirt geometries are as follows: 

LFSTOT = total length of forward skirt 

LFSF = length of forward skirt flange 

TFSZ = thickness of forward skirt 

LASTOT = total length of aft skirt 

LASF = length of aft skirt flange 

TASF = thickness of aft skirt 

The total skirt length is the sum of the skirt flange 
and stem lengths as shown in Fig. 1. The skirt thickness 
is the thickness of the stem portion. 

In the case of an oblate spheroid (ICYL = 0), all 
input parameters for this block of data are blank. Note, 

however, that a blank card must be provided in the 
input deck for sequencing purposes. 

9. Analysis comment. This card consists of 72 charac- 
ters of alphameric data. It is intended for use in defin- 
ing the loading condition for the tank analysis. 

lysis mechanical loading. The mechanical load- 
ing condition for tank analysis is described in accord- 
ance with the following format: 

(3E10.0) 
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PR = internal tank pressure 

FORCE 1 = axial load at forward boss opening 

FORCE 2 = axial load at aft boss opening 

The internal pressure loading is taken positive when 
acting from the inside to the outside of the vessel wall. 
The axial loads, FORCE 1 and FORCE 2, are forward 
and aft boss ring loads applied, in the case of a cylinder 
with dome closures, at nodes 1 and 100, respectively, 
as shown in Fig. 3. They are, in essence, the reaction 

forces derived from assumed bulkhead coverings of the 
boss openings. They are taken positive in the direction 
of the Z axis (Fig. 3). 

For the case of an oblate spheroid, FORCE 1 and 
FORCE 2 have the same value but are of opposite sign. 

9. Analysis thermal loading. This card contains ther- 
mal loading data for the tank analysis. The format is 
as follows: 

(8E10.0) 

THERM(1) = temperature at inner surface of for- 
ward boss opening 

THERM(2) = temperature at composite/metal inter- 
face of forward boss opening 

THERM(3) = temperature at outer surface of for- 
ward boss opening 

THERM(4) = temperature at inner surface of aft boss 
opening 

THERM(5) = temperature at composite/metal inter- 
face of aft boss opening 

THERM(6) = temperature at outer surface of aft boss 
opening 

THERM(7) = temperature at inner surface of cylin- 
der 

THERM(8) = temperature at outer surface of cylin- 
der 

THERM(l), (2), (3) and THERM(4), (5), (6)  represent 
the thermal gradients through the thickness at the for- 
ward and aft boss openings, respectively. THERM(7) 
and (8) represent the thermal gradient through the vessel 
wall in the cylindrical region. This gradient is taken as 
constant throughout the cylindrical region. In the case 
of an oblate spheroid (ICYL = 0), THERM(7) and (8) 
are applied at the equator. 

In the dome regions of the tank, a piecewise linear 
meridional variation in temperature is taken by the pro- 
gram for the inside and outside wall temperatures be- 
tween the boss opening and the dome/cylinder junction 
(or the equator for an oblate spheroid). The composite/ 
metal interface temperature in the boss region varies 
piecewise linearly from the input boss opening tem- 
perature to the same temperature as that of the inside 
surface of the tank at the tip of the flange. 

For the case of no temperature loading, a blank card 
must be provided in the input deck for sequencing 
purposes. 

. Additional analyses. Additional analyses can be 
performed by CQMTANK in accordance with the value 
of NPB on card 2 of the input data. Each analysis case 
consists of cards 7, 8, and 9, which must be stacked 
sequentially at the end of the input deck. 

at 

An example of the output format is given in the 
example problem in the following section. The format is 
divided into the following basic blocks: 

(1) Input design data. 

(2) Design configuration. 

(3) Input analysis data. 

(4) Model configuration. 



(5) Loading condition. 

(6) Displacement field. 

(7) Nodal forces. 

(8) Stress resultants. 

(9) Element stress analysis. 

tion 

The operational diagram for COMTANK is shown in 
Fig. 4. 

INPUT 

I 
I I 

OBLATE 
SPHEROID 

CYLINDER 
WITH DOME 
CLOSURES 

I .I/- 
DESIGN 

WEIGHTS 
HEADSHAPE MATERIAL 

PROPERTIES 

PRINTOUT 
COORDINATES, 
WEIGHTS, As a matter of convenience, a sample problem was run ('7 DIMENSIONS 

on an oblate spheroid to illustrate the input and output 
data of COMTANK. The input data format for the 
sample problem is shown in Fig. 5. 

PRINTOUT 
TANK MODEL, 
STRESS 
RESULTANTS 

STRESS 
ANALYSIS 

DETAILED STRESS 
ANALYSIS 

Facsimiles of printout data are presented in Table 1. 
It should be noted that detailed stress analysis data for 
elements 3, 7, 8, 9, 10, 11, 12, and 13 were developed 
by COMTANK. Since the output format for each element 
is similar, only the data for element 13 are shown. 
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Tables A-1, A-2, and A-3 present tabulated material properties for the composite materials and metals used in @OM- 
TANK. 

aterial properties (vf = 0.50) 

0 

5 

10 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

70 

75 

80 

85 

90 

E,, X psi 

29.25 

28.68 

26.78 

23.1 7 

17.98 

.12.33 

7.63 

4.52 

2.78 

1.94 

1.60 

1.53 

1.58 

1.67 

1.77 

1 .86 

1.93 

1.98 

1.99 

E,, X 10-6 psi 

1.99 

1.98 

1.93 

1.86 

1.77 

1.67 

1.58 

1.53 

1.60 

1.94 

2.78 

4.52 

7.63 

12.33 

17.98 

23.1 7 

26.78 

28.68 

29.25 

0.29 

0.40 

0.70 

1.13 

1.52 

1.71 

1.64 

1.42 

1.14 

0.88 

0.66 

0.48 

0.34 

0.23 

0.15 

0.09 

0.05 

0.03 

0.02 

G,,, X 10-6 psi 

5.15 

7.28 

1.34 

2.28 

3.43 

4.65 

5.80 

6.74 

7.35 

7.56 

7.35 

6.74 

5.80 

4.65 

3.43 

2.28 

1.34 

7.28 

5.15 

a,, X 10-6  in./ 
in./OF 

3.03 9 

2.934 

2.61 6 

2.076 

1.319 

0.399 

-0.474 

-0.741 

0.598 

4.240 

9.1 29 

13.247 

15.799 

17.128 

17.752 

18.021 

18.1 25 

18.1 59 

18.167 

a,, X 10-6 in./ 
in./ OF 

18.167 

18.159 

18.1 25 

18.021 

17.752 

17.1 28 

15.799 

13.247 

9.1 29 

4.240 

0.598 

-0.741 

-0.474 

0.399 

1.319 

2.076 

2.61 6 

2.934 

3.039 

6 = wrap angle 

E ,  = modulus of elasticity parallel to fibers 

E, = modulus of elasticity perpendicular to fibers 

pzl  = Poisson's ratio 

G,, = shear modulus 

a, 

a, 

vf 

= coefficient of thermal expansion parollel to fibers 

= coefficient of thermal expansion perpendicular to fibers 

= volume fraction of fibers 



0 

5 

10 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

70 

75 

80 

85 

90 

E,, X 10-6 psi 

19.64 

19.30 

18.21 

16.29 

13.59 

10.44 

7.46 

5.13 

3.59 

2.71 

2.29 

2.14 

2.13 

2.29 

2.28 

2.36 

2.43 

2.47 

2.48 

E,, X Psi 

2.484 

2.47 

2.43 

2.36 

2.28 

2.29 

2.1 3 

2.14 

2.29 

2.71 

3.59 

5.1 3 

7.46 

10.44 

13.59 

16.29 

18.21 

19.30 

19.64 

0 = wrap angle 

E, = modulus of elasticity parallel to fibers 

E, = modulus of elasticity perpendicular to fibers 

pZl = Poisson's ratio 

k 2 1  

0.25 

0.31 

0.47 

0.70 

0.94 

1.10 

1.1 2 

1.09 

0.94 

0.77 

0.60 

0.45 

0.33 

0.23 

0.1 6 

0.1 0 

0.06 

0.04 

0.03 

G,,, X 10-6 psi 

0.76 

0.90 

1.29 

1.89 

2.62 

3.40 

4.1 3 

4.73 

5.1 2 

5.25 

5.1 2 

4.73 

4.13 

3.40 

2.62 

1.89 

1.29 

0.90 

0.76 

0.093 

-0.043 

-0.450 

-1.117 

- 1.997 

-2.952 

-3.643 

-3.397 

- 1.298 

3.067 

8.705 

13.854 

17.537 

19.805 

3 1.090 

21.782 

22.1 38 

22.303 

22.351 

22.351 

22.303 

22.138 

21.782 

2 1.090 

19.805 

17.537 

13.854 

8.705 

3.067 

- 1.298 

-3.397 

-3.643 

-2.952 

- 1.997 

-1.117 

-0.450 

-0.043 

0.093 

G,, = shear modulus 

a, 

a, 

vf 

= coefficient of thermal expansion parallel to fibers 

= coefficient of thermal expansion perpendicular to fibers 

= volume fraction of fibers 

Titanium (6AR4V) 

Magnesium (ZK60) 

Density, 
Ib/in.3 

0.10 

0.1 6 

0.29 

0.06 

0.32 

0.29 
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